Introduction a generous gift from Jerini Bio Tools (Berlin, Germany) and was inserted into a pET-3d vector (Novagen, Madison, WI) . The heterologous production of proteins in the prokaryotic host Escherichia coli is a widely used technique both in Site-directed mutagenesis experiments were performed using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA) research and in industrial manufacturing. However, often the proteins are not released from the ribosomes in a soluble and following the instructions of the manufacturer. Inclusion bodies of wild-type VEGF were produced in BL21(DE3) cells native-like conformation but rather form high molecular weight aggregates that accumulate in inclusion bodies. These inclusion (Novagen) while higher yields of inclusion bodies were obtained for all mutants by transforming the respective expresbodies necessitate the development of protocols by which proteins can be solubilized and folded into their biologically sion plasmid into B834(DE3)pLysS cells (Novagen) co-transformed with the pREP4 vector containing the genes encoding active form (Rudolph and Lilie, 1996; Lilie et al., 1998) . Although such folding procedures may prove difficult to for GroES/GroEL (Caspers et al., 1994) . However, no specific selection for the pREP4 vector containing host cells was develop, inclusion bodies do have advantages compared with cytoplasmatic or periplasmatic accumulation of proteins. For included in subsequent steps. For each construct, 6 l of LB medium (supplemented with 100 µM ampicillin) were inocuexample, a protein, which can be expressed in high yields using strong promoter systems and accumulates in inclusion lated in shake flasks with an overnight culture. After 3 h of growth at 37°C up to an OD 600 of~0.6, overproduction was bodies, is less prone to proteolytic degradation and potential host cell toxicity is minimized. In addition, the protein can be induced by addition of 1 mM IPTG and the cells were incubated at 37°C for an additional 4 h. Cells were harvested easily separated from E.coli proteins using simple washing and centrifugation steps, rendering the use of affinity tags by centrifugation (20 min, 5000 g, 4°C), resuspended in 40 ml of 20 mM Tris-HCl buffer, pH 7.5, supplemented with 5 mM unnecessary. However, all these advantages become irrelevant in cases where no suitable folding conditions can be found.
EDTA and disrupted in a French press (2ϫ1000 bar). The crude inclusion bodies were isolated by centrifugation (12 000 g, 4°C, In recent years, significant progress was achieved in establishing general guidelines for protein folding (Rudolph et al., 60 min) and washed three times with the buffer from above and centrifuged each time (12 000 g, 4°C, 30 min). The pellets 1997) which eventually led to the development of factorial folding screens (Chen and Gouaux, 1997; Armstrong et al., of the mutants were dissolved in 20 ml of denaturing buffer (20 mM Tris-HCl, pH 8.0, 6 M guanidine-HCl, 5 mM EDTA, 1999). Unfortunately, the application of these screens is ham-of wild-type VEGF were dissolved in 7.5 M urea and diluted about 10-fold into a solution containing 20 mM Tris-HCl, pH 8.4, and 7 µM CuCl 2 . The protein solution with a total protein concentration of~1 mg/ml was stirred overnight at room temperature and wild-type VEGF purified subsequently by ion-exchange, hydrophobic interaction and size exclusion chromatography. Attempts to apply the identical folding procedure to the mutant Cys26Ala-Cys68Ala generated a soluble protein fraction, which could not be further purified. During ion-exchange chromatography, the mutant protein eluted at unusually high salt concentrations and over a broad segment of the gradient. Attempts to elute the protein from a hydrophobic interaction column failed completely. Hence we deduced that the protein is misfolded and used this sample of Cys26Ala-Cys68Ala in the following as a reference.
Sensitivity of the proteolytic assay
In order to test how well the proteolytic assay can discriminate between native-like and misfolded VEGF, we prepared three different test mixtures with ratios of 0, 5 and 100% of correctly folded wild-type VEGF to misfolded mutant. To each solution, 1.0 µg of subtilisin was added to 100 µg of total protein in 100 µl of 20 mM Tris-HCl-buffer, pH 8.0. Aliquots of 10 µl were taken at various time intervals and immediately boiled 
Protein concentration and folding efficiency
RASTER3D (Merritt and Murphy, 1994) .
The folding efficiency was probed for three different concentrations of the mutant Cys61Ala-Cys104Ala by diluting 10 µl of 4 mM DTT), stirred for 2 h at room temperature and centrifuged solubilized inclusion bodies with folding buffer (condition 10, (46 000 g, 4°C, 30 min) and the supernatant was stored at Table I ). Three different protein concentrations were generated, -20°C. In the case of wild-type VEGF and as previously namely 0.01, 0.1 and 1.0 mg/ml. Whereas in the first two described, 7.5 M urea was used, instead, to dissolve the pellet cases, the final guanidine-HCl concentration was 0.06 M, for (Christinger et al., 1996) . technical reasons and unintentionally the concentration was Folding screen and limited proteolysis assay 0.6 M in the last case. Following folding, equal amounts of The folding screen consisted of 16 solutions closely related to protein (10 µg) were removed, the buffer was exchanged and those proposed by Chen and Gouaux (screen conditions 1-16, the samples were concentrated to 100 µl prior to the proteolytic Table I ) (Chen and Gouaux, 1997; Armstrong et al., 1999) digestion and analysis by SDS-PAGE. together with eight variations of a folding condition previously
Milligram-scale folding, purification and crystallization of reported for wild-type VEGF (Christinger et al., 1996) (screen the mutants conditions 16-24). A 1 ml volume of the dissolved inclusion bodies was diluted~10-fold in denaturing buffer (see above), Prior to the milligram-scale folding, the solubilized inclusion leading to a final total protein concentration of 1 mg/ml and bodies were purified by size exclusion chromatography as estimated by measuring the UV absorbance at 280 nm.
under denaturing conditions (20 mM Tris-HCl, pH 7.5, 6 M Aliquots of 10 µl of this solution were added to 990 µl of guanidine-HCl, 4 mM DTT) on a Sephacryl S-200 column screen solution in an Eppendorf tube, vigorously shaken for (Pharmacia, Uppsala, Sweden). A 20 ml volume of the pooled 2 min and incubated overnight at 4°C. fractions containing~1 mg/ml protein was diluted into 2 l of The following day, all 24 probes were dialysed for 6 h folding buffer [50 mM Tris-HCl, pH 8.2, 10.5 mM NaCl, against 100 ml of the proteolysis buffer (20 mM Tris-HCl, 0.44 mM KCl, 1 mM EDTA, 0.3 mM lauryl maltoside, 440 pH 8.0) and each sample was concentrated to 100 µl using mM sucrose, 1 mM reduced glutathione (GSH), 0.1 mM Millipore (Bedford, MA) Ultrafree centrifugal devices oxidized glutathione (GSSG)] and stirred overnight at 4°C. (molecular weight cut-off 3.5 kDa). After transferring the The next day, the solution was dialysed twice for 6 h against samples into fresh tubes, 2 µl of a subtilisin solution (0.05 35 l of 20 mM Tris-HCl buffer, pH 8.0. After filtration, the mg/ml) (Boehringer Mannheim, Mannheim, Germany) were protein was concentrated on a Q-Sepharose column (Pharmaadded to each probe, resulting in a protease to substrate ratio cia) and eluted with a 0-1 M NaCl gradient in 20 mM Trisof 1:100. The proteolysis was aborted after 100 min by adding HCl, pH 8.0. The pooled fractions were concentrated to 10 µl of 10 mM PMSF solution. All samples were vacuum a volume of 1 ml and further purified by size exclusion dried, dissolved in 10 µl of standard loading buffer and chromatography using a Superdex 75 column (Pharmacia). analysed by standard SDS-PAGE and silver staining.
Crystals of the three mutants were grown by vapor diffusion Wild-type VEGF and soluble misfolded mutant Cys26Ala-at 20°C using the hanging drop method. A 1 µl volume of Cys68Ala protein solution (12 mg/ml protein, 20 mM Tris-HCl, pH 8.0, 100 mM NaCl) was mixed with 1 µl of reservoir solution and As a reference, wild-type VEGF was folded as previously described (Christinger et al., 1996) . Briefly, inclusion bodies equilibrated against 700 µl of the latter. In the case of the mutants Cys51Ala-Cys60Ala and Cys61Ala-Cys104Ala, the 10) and one minor folding condition (condition 8) were found for the mutants Cys61Ala-Cys104Ala and Cys57Ala-reservoir consisted of 28% (w/v) PEG 4000, 12% (v/v) 2-propanol, 100 mM Na-citrate, pH 5.6, and, in the case of Cys102Ala, whereas mutant Cys26Ala-Cys68Ala did not fold under any of the reported screening conditions. Our assay thus mutant Cys57Ala-Cys102Ala, of 2.0 M Na-formate and 0.1 M Na-acetate, pH 4.6.
immediately revealed that detergents and substances such as sucrose and arginine have beneficial effects on the folding of VEGF and that further explorations of these conditions might Results help to derive folding conditions for the mutant Cys26Ala-Folding screening and subsequent detection of native-like Cys68Ala. protein by limited proteolysis Selectivity and sensitivity of the proteolytic assay Folding conditions for three cystine deficient double mutants of VEGF, in which disulfide-bridged cysteines were replaced Even in well-studied systems, protein folding yields are never by alanine pairs, were identified in a slightly modified version particularly high. Therefore, we tried to quantify the percentage of a well-established folding screen (Chen and Gouaux, 1997) .
of properly folded material necessary in order to be detectable For each mutant, aliquots containing 10 µg of solubilized by our proteolytic assay. In order to mimic different folding inclusion bodies were diluted to 0.01 mg/ml under 24 different yields, we mixed properly folded wild-type VEGF with differfolding conditions (Table I) , incubated overnight, dialysed and ent amounts of a misfolded soluble sample of the mutant concentrated 10-fold. Successful folding conditions could be Cys57Ala-Cys102Ala (see experimental protocols) and subidentified based on the ability of the products to withstand jected the different mixtures to the proteolytic cleavage assay proteolytic degradation by the protease subtilisin over a 100 (Figure 3) . The time course of the degradation shows that for min incubation period and at a protease to protein ratio of the misfolded sample the protein is rapidly degraded, whereas 1:100. Although as little as 10 µg of total protein were used for the wild-type VEGF even after 150 min no detectable in each folding experiment, the successful conditions could be degradation occurs (Figure 3 ). When investigating different readily identified on silver-stained SDS-PAGE gels (Figure 2) . ratios of folded to misfolded protein for VEGF, the proteolytic In the case of the mutant Cys51Ala-Cys60Ala, five major digestion appears to be extremely discriminative as ratios as conditions (conditions 4, 8, 10, 16 and 24, Table I, Figure 2) low as 5% can be detected (Figure 3) . could be identified which share common properties. Either
Optimal protein concentration during folding 0.44 M sucrose alone or in combination with 0.55 M arginine
Assuming that the intensity of the protein staining on the SDS successfully enhanced folding yields. Also, all conditions gel after proteolysis correlates with the amount of protein that contained either of the detergents β-lauryl maltoside or has been successfully folded, we performed the folding of CHAPS, whereas no single preference was detectable for pH, the Cys61Ala-Cys104Ala mutant with screen solution 10 at sodium chloride, potassium chloride, MgCl 2 , CaCl 2 , DTT and various GSSG/GSH ratios (Table I) . Only one major (condition various protein concentrations, namely at 0.01, 0.1 and 1.0 Table I screened by limited proteolysis and analysed by SDS-PAGE. Whereas several promising conditions could be identified for the mutant Cys51Ala-Cys60Ala, only two potential conditions (conditions 8 and 10) could be identified for the mutant Cys61Ala-Cys104Ala. Conditions 8 and 10 were also observed for the mutant Cys57Ala-Cys102Ala, whereas no condition could be identified for the mutant Cys26Ala-Cys68Ala (data not shown). Molecular weight markers are labelled with R. mg/ml. The denaturing chaotropic agent was diluted 1:100 in these experiments may help to determine the optimal concentrathe first two experimental conditions and 1:10 in the last tion in which to fold a particular protein. condition (60 versus 600 mM guanidine-HCl). Protein concenLarge-scale folding and conformational homogeneity of the trations lower than 0.01 mg/ml are not really practicable products considering the practical problems arising from the handling To confirm whether the folding conditions obtained for the of large volumes of folding buffer required for the scale-up of three mutants could be scaled to large volumes and yield the protocol.
Fig. 2. Folding conditions taken from
homogeneous native-like protein, we generated several milliAfter incubation overnight, 10 µg of total protein were grams of each of the three mutants. For each mutant, 20 mg subjected to proteolytic cleavage and analysed by SDS-PAGE, of protein, prepurified and solubilized in 6 M guanidine-HCl revealing that the folding yield is indeed increased in highly buffer, were rapidly diluted into 2 l of folding buffer (condition diluted solutions (Figure 4) . The 0.01 mg/ml setup produces 10, Table I ). After folding and dialysis, the protein was a band which is comparable to the previous experiments, concentrated on an ion-exchange column and further purified whereas the two other lanes show a significantly weaker band.
by gel filtration. Each mutant eluted in a sharp peak with It is well known that folding competes with aggregation and almost no further contamination ( Figure 5 ). The final yields that dilution promotes the intramolecular folding process versus the intermolecular aggregation (Lilie et al., 1998) . Therefore, for the mutants Cys61Ala-Cys104Ala, Cys51Ala-Cys60Ala expanded when combined with recently developed fractional factorial protein folding screens (Chen and Gouaux, 1997; Armstrong et al., 1999) . Applying this method, we were able to derive folding conditions for three of four possible mutants of VEGF in which individual disulfide bridges have been removed. Using as little as 10 µg of protein for each folding experiment allowed the assessment of the folding success and folding yields as low as 5% were detectable by the limited proteolysis of the products. Furthermore, this method provides a simple protocol to study the effect of dilution on folding yields. The fact that the screening of folding conditions was performed on crude extracts from washed and solubilized inclusion bodies highlights the robustness of this method.
VEGF is possibly especially well suited for this kind of experiments. However, the fact that limited proteolysis is subjected to limited proteolysis. Analysis of the products by SDS-PAGE shows that higher folding yields are obtained when low protein commonly used in structural and functional studies for the concentrations are used during folding.
detection and delineation of globular folding units (Porter, 1973; Nakagawa et al., 1997; Schwartz et al., 1999) suggests that such discriminative conditions can be established for most proteins. Small amounts of properly folded protein, possibly from transient expression in mammalian cells, should help to find such discriminative conditions. If folded protein is unavailable, the wealth of information available on limited proteolysis allows general proteolysis protocols to be used. Any protease could be used with the FSAP method as a number of proteases such as thermolysin, chymotrypsin, trypsin, subtilisin and SV8-protease are often used in limited proteolysis experiments. However, the problem of discriminating between misfolded and native-like protein may differ slightly from dissecting a folded protein chain into its functional globular domains. In the latter case, the targeted cleavage sites are anticipated to be part of flexible, predominantly hydrophilic be accumulated on the surface of the protein when compared with the native-like protein. Thus subtilisin, which cleaves and Cys57Ala-Cys102Ala were 5, 3 and 1.5 mg, respectively. after hydrophilic residues and which was used here, might not These yields reflect surprisingly well the relative yields be the best choice and it might be worth investigating alternative observed in the screening assay. In fact, the absolute yields proteases with preferences for hydrophobic stretches. appear to be a factor of two higher than expected and this A major advantage of our folding assay is the fact that it might be the result of the pre-purification of the mutants prior provides for a rapid general screening method, which easily to folding. distinguishes between misfolded and native-like protein withCrystallization screens yielded crystals for all three mutants out the need for the prior establishment of a specific biological within 2 days. The crystals are of high quality and show similar assay for protein function. In contrast to biophysical methods, morphological and crystallographic properties as crystals of such as dynamic light scattering and circular dichroism measwild-type VEGF (data not shown). Both the chromatographic urements, commonly used to confirm the folding state of elution properties and the crystal quality of the mutant proteins proteins, the FSAP method does not depend on the conformaare strong indicators for the proteins' conformational homotional uniformity of the solution. Rather, it can be performed geneity.
on mixtures of native-like and misfolded proteins. In addition, the method can be easily automated and thus the folding Discussion screens and the proteolytic assays varied extensively. For example, it can be easily envisaged to use multi-well plates The idea that limited proteolytic digestion might provide a general method to monitor protein folding has been proposed for the folding together with serial dialysis devices as well as the on-line detection of the products by capillary electrophoresis or before (Rudolph et al., 1997) and in numerous studies partial proteolytic cleavage has been used to unveil protein folding mass spectrometry. Because of this potential for high automation, the FSAP pathways (Ooi et al., 1963; Schmid and Blaschek, 1984; Teschner and Rudolph, 1989) . However, to the best of our method might be of particular interest in structural genomics projects. Here the systematic production of proteins with only knowledge, this is the first time that folding conditions for novel proteins have been rapidly ascertained by this method.
a limited knowledge available on their biological function and biophysical properties is a prerequisite. The potential of this method for general applicability is greatly
